Abstract-This paper considers a robust sliding mode control scheme using multirate output feedback. Using different plant output rates including the former plant output information, sampling error at multiple sampling interval is considered to discrete-time output feedback control design. As a result, control performance can be improved. Meanwhile, the multirate output feedback can also guarantee closed-loop system stability.
I. INTRODUCTION
In real control applications, different control signal rates and sensor output rates are often used. This kind of system is called multirate system. Nowadays, the research on the multirate system control design has become a challenging work. So far, many interesting results have been proposed for systems [1,2, and references therein]. In this paper, a robust sliding mode control scheme using multirate output feedback is explored. The main reason is described as follows. The feature of a sliding mode control system is that the controller is switched between distinctive control structures and the system trajectory is forced to reach the sliding surface and to slide along it. Once the states of the controlled system enter the sliding mode, the dynamics of the system are determined by the selection of sliding surface and are independent of uncertainties and disturbances. As a result, the sliding mode control is a robust control method and it has found broad applications. Considering the sliding mode control with multirate feedback, some studies and research were undertaken [3, -, 6] . In this paper, although the continuous-time sliding mode controller is robust to disturbance, the discrete-time controller is sensitive to output measurement error, because a switching function is included in the controller, non-linear is strongly affected by the error at the switching point. As a continuous research, sampling error at multiple sampling interval is considered to discrete-time output feedback control design by considering the former plant information. That is, state of the sliding mode controller is realized by the combining use of multirate output feedback and past plant outputs, then the control gains include additional design parameters, namely, the gains have redesigned parameters. Selecting the value of the redesigned parameters, we can design gains robustly to observation noise. As a result, control performance is improved. Meanwhile, the multirate output feedback can also guarantee closed-loop system stability.
This paper is organized as follows. Section II states the problem setup. Section III discusses the design of the proposed sliding mode controller. In Section IV, a numerical example is given to show the proposed method. Conclusion is drawn in Section V.
II. PROBLEM STATEMENT
Consider the following single input single output continuous time LTI system described by state equatioṅ
where x(t) is n-dimensional state, u(t) is input and y(t) is output. Let the above system sampled at a sampling time τ, we have
It is assumed that the pair (Φ τ , Γ τ ) is controllable and the pair (Φ τ ,C) is observable. In this paper, the objective is to design control u by using multirate output feedback.
III. DESIGN OF MULTIRATE OUTPUT FEEDBACK CONTROL SYSTEM
In this section, an algorithm for computing sliding mode controller and switching surface are considered by using multirate output feedback, namely, using plant output samples.
Using sampling time ∆, ∆ = τ/N, N is an interger. Based on the same manner in [2] ,
Defining
. . .
We obtain the multirate output sampled system as follows.
where
Since the original continuous-time system (1) and (2) is observable, discrete-time system (3) and (4) is also ovservable, and C 0 is rank n and n × n matrix. For observable systems,from (13) and (14), the following expression is given.
and
That is, state variable x(kτ) is calculated by using multioutput y k and input u((k − 1)τ). Coefficients L y and L u are determined by the above equation and have no redesign parameters. To include a design parameter, we add past output y((k − 1)τ − ∆) to y k . To be simple in explanation, we consider the case of n = 2 and N = 2. Then
We
and consider the following relationships,
y(kτ) = Cx(kτ) (20)
Then, we havē
Further, defininḡ
and usingC 0 such thatC 0C 0 = I 2×2 , expression of x((k + 1)τ can be derived as
namely,
Then the control input F x x(kτ) can be realized as
Now it will be shown how feedback gain F xLy can be expressed in terms of two free parameters using the following procedure, and using this flexibility how the gain matrix can be robustly designed against round off error.
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Using Cayley-Hamilton Theorem, we obtain that
where characteristic equation of Φ is we obtain thatC
As a result, we can define thatC 0 =C 00 + λ 1 0 0 λ 2 C 01 , which satisfiesC 0C 0 = I 2×2 and includes λ 1 and λ 2 as extra design parameter, and the expression of state variables (28) includes the extra design parameters inL y = Φ τC 0 ,L u = Γ τ −Φ τC 0Γ . Then the first term of the control can be realized as
where in selecting the values of the parameters, gains F yi (i = 1, 2, 3) can be with same sign and different values.
In the following, a reaching law approach can be designed for the quasi-sliding mode control of discrete-time plant (3), (4) by using the method in [2] . That is, design sliding surface as
and the reaching law satisfies the following condition
Then, the quasi-sliding mode control law is given as
Considering (28), the multirate output feedback-based quasisliding mode control law can be represented by
The feedback gainF y includes extra parameters λ 1 and λ 2 .
IV. DESIGN PROCEDURE EXPLANATION BY NUMERICAL

EXAMPLE
In this section, one example is considered to show the design procedure of the proposed design method.
Consider the following plant d dt
where A = −1.0077 2.01533 −2.0153 1.00767 B = −1.00267 1.00767
Using τ = 0.006, the discrete-time system is given as
Now, design sliding surface as
From (35), we obtain the reaching law as
Selecting q = 1 and ε = 0.1, by using the proposed design method shown in Section 3, we have that
In this case, coefficients of y k are F y1 = −1.730 and F y2 = 1.729 ane sre almost F y1 = F y2 . Then, if sampling period is small, then y((k − 1)τ) y((k − 1)τ + ∆) in y k , and the feedback input F y y k = F y1 y((k + 1)τ) + F y2 ((k + 1)τ + ∆) is strongly affected by numerical round off error, and F y y k 0. This effect is caused by the fact of
Then the feedback term becomes
andF y1 ,F y2 andF y3 include extra parameters λ 1 and λ 2 .
Selecting the values λ 1 and λ 2 as λ 1 = −0.5, λ 2 = 1.0. And we can avoid the case of F yi = F y j (i = j) and in this case In figure 1 , three lines are drawn. The dotted line shows the output without numerical errors, using control input (46) which is the same to the output using control (48). The dashed line is the output by (46) and solid line is by (48) both rounded at the third decimal digit. The case by (48) is almost the same to the case without round-off error, where as the case by (46) is strongly affected by round-off error.
V. CONCLUSION
In this paper, based on multirate output feedback, a sliding mode control scheme is considered to discrete-time system. Also, the proposed controller ensures robustness to numerical round off error. Numerical example is given to show the effectiveness of the proposed method.
